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Lower panels are fluorescence microscopy images of particles stained with Syto9 after 136 hours of 120 incubation, revealing dense microbial communities on particle surfaces. Scale bar corresponds to 100 121 µm. B) Successional dynamics on each particle type. Taxa (rows) correspond to Amplicon Sequence 122 Variants (ASVs) and are ordered by time at which they attain their maximum abundance. The data 123 correspond to the relative frequencies of each taxon normalized by rows. Only ASVs whose maximum 124 relative frequency is >1% are shown.
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Despite the overall similarity in colonization dynamics across particle types, the 127 abundance and dynamics of individual ASVs on different particle types was not necessarily 128 conserved. To quantify differences in ASV abundance across particle types, we calculated a 129 "niche breadth" index for the ASVs. To this end, for each ASV, , and each particle type, , we 130 computed the geometric mean frequency over time, $% , renormalized the mean frequencies so 131 ∑ $% % = 1 and calculated the entropy of the mean ASV abundance over particle types, -132 ∑ $% % , ( $% ) (Methods). The entropy represents an index that described how uniformly the 133 ASV was distributed over the four substrates. ASVs that appeared only on one particle type had 134 a niche breadth score = 0, whereas ASVs that were equally prevalent across all particle types 135 ( $% = 0.25 ∀ ) had a niche breadth score index of 2. 136 We found that within particle-associated communities the distribution of the niche 137 breadth indexes was bimodal (top histogram in Figure 2A ). Using a Gaussian mixture model to 138
cluster ASVs by distribution mode (Methods), we found that 36% of the ASVs grouped into a 139
cluster of narrow-range taxa (niche breadth score < 0.18) and 42% into a cluster of broad-range 140 taxa (niche breadth score > 1.52). Moreover, an unsupervised hierarchical clustering of ASVs 141 based on their temporal dynamics across particle types allowed us to further partition narrow-142 range taxa by the substrate they appeared on (heat map in Figure 2A ). The best partitioning of 143 the data divides ASVs into five natural blocks, one for the broad-range taxon set and one block 144 of narrow-range taxa for each of the four particle types (Methods). The broad-range block 145 encompassed organisms that were not only highly prevalent across all particle types, but whose 146 dynamics were highly correlated across substrates (average Spearman correlation = 0.54 across 147 four particle types, Figures S2-S3 ). On average, these broad-range taxa increased in frequency 148 towards later time points, causing community composition across particle types to first diverge 149 due to the colonization of narrow-range species (reaching maximum divergence at ~24h) before 150 converging to a set of broad-range taxa ( Figure S4, S5) . Overall, the comparison of the assembly 151 dynamics across particle types shows that community assembly on particles can be coarse-152 grained in terms of blocks of species with correlated dynamics, representing putative assembly 153 modules, which are either highly specific or unspecific to the primary polysaccharide that feeds 154 the community. A phylogeny of the ASVs showed that narrow-and broad-range blocks were associated 174 with distinct taxonomic groups and distinct metabolic potentials. Narrow-range blocks mapped 175 primarily to four taxonomic groups: the family Flavobacteriaceae, which contributed to most 176 chitin-associated ASVs, the genera Sacharophagus and its close relatives (e.g. Terednibacter), 177 contributing most carrageenan-associated ASVs, Psychromonas, with virtually all ASVs in the 178 alginate block, and Thalassotalea, contributing most carrageenan-associated ASVs ( Figure 2D , 179 clades 2,7,8 and 9). Marine bacteria of the class Flavobacteriia and the genus Sacharophagus 180 are among the most well-known degraders of polysaccharides in the ocean [19] [20] [21] [22] , suggesting that 181 these narrow-range taxa are specialized primary degraders. To gain further insight into the 182 genomic and metabolic differences between narrow and broad-range taxa that could explain 183 their dynamics, we cultured 874 bacterial isolates from particles and sequenced their 16S rRNA 184 V4 region (Methods and SOM). Out of these, 247 isolates had a 100% identity match to 12 185 broad-range ASVs. Only 2, however, mapped to 2 narrow-range ASVs (SOM). We focused our 186 efforts on one of these narrow-range isolates, which we named psychB3M02, and belonged to 187 the genus Psychromonas in the alginate-specific block (marked with a red arrow in Figure 2D ). 188
In agreement with its specific association with alginate particles, psychB3M02 was able to grow 189 on alginate as sole carbon source ( Figure 3A) . Moreover, HMM-based searches of glycosyl 190 hydrolase (GH) and polysaccharide lyase (PL) families against its genome identified multiple 191 copies of alginate lyases (PL7, 8 copies), and oligoalginate lyases (PL15, PL17, 4 copies), but 192 found no other genes coding secreted enzymes for degrading other marine polysaccharides such 193 as chitin (GH18, GH19, GH20) or agarose (GH16) ( Table S1 ). The absence of other 194 polysaccharide degrading enzymes suggests that psychB3M02 has a specialized role as a 195 primary degrader of alginate, in agreement with its narrow niche range. 196
By contrast, none of three isolates of the Rhodobacteraceae (α-proteobacteria), a clade 197 exclusively found in the broad-range block ( Figure 2D , clade 1), encoded genes to produce 198 hydrolytic enzymes (Table S1 ). Two members of this clade, however, a Loktanella, 199 lotkaD2R18, and a Ruegeria, ruegeA3M17, had the machinery to import and utilize 200 oligosaccharides of alginate and chitin, respectively, suggesting a potential role as 'free-riders'. 201
By contrast, the third organism, phaeoC3M10, classified as a Phaeobacter, had no genes to 202 convert cytoplasmic intermediates into central metabolic substrates, indicating that this strain 203 cannot harvest oligosaccharides and instead relies on metabolic intermediates released by other 204 members of the community. To experimentally assess the potential for facilitation between 205 narrow-and broad-range taxa, we collected spent media from psychB3M02 grown to peak cell 206 density on alginate as the sole carbon source and asked whether this media would support 207 growth of a panel of five broad range taxa that were unable to degrade and grow on alginate by 208 themselves. We tested the three Rhodobacteraceae discussed above plus a Marinobacter and a 209 Vibrio (Fig. 3A) . In accordance with our expectation, all five broad-range taxa were able to 210 grow on the spent media, even without supplementing it with additional nutrients ( Figure 3A) . 211
This confirms that in an environment where alginate is the sole carbon source, narrow-range 212 alginate degraders can facilitate the growth of broad-range, non-degrading taxa. 213
To learn more about the exact mechanisms of facilitation and its apparent non-specific 214 nature, we performed a targeted metabolomic analysis 23 of psychB3M02's spent media before 215 and after growth of non-degrading broad range taxa (Methods), which showed that non-216 degraders support their growth by taking up multiple small metabolic byproducts. For this 217 analysis, we picked two non-degrading strains whose genomes suggested divergent metabolic 218 capabilities: the Loktanella lotkaD2R18 and the Marinobacter marinF3R11. We identified 219 compounds that were produced by psychB3M02 and consumed by one of the non-degraders in 220 at least two out of three replicates. Out of 82 possible compounds, we detected 11 compounds 221 that fulfilled this criterion: these included six amino acids ( Figure 3B ), the amino acid precursor 222 3-methyl-2-oxopentanoic acid, TCA cycle intermediates malate and succinate, nucleosides and 223 nucleotides (Tables S2-S4 ). This general consumption of multiple metabolic intermediates was 224 observed for both marinF3R11 and lotkaD2R18. Some metabolites that could support growth 225 of non-degraders were also released to the medium by non-degraders ( Figure 3B ). In particular, 226 marinF3R11 secreted citrate, consistent with the prediction that this organism uses a reductive 227 TCA cycle (Table S1 ). Overall, these data suggest that simultaneous utilization of a variety of 228 metabolic intermediates is a robust ecological strategy for broad-range organisms, which could 229 enable their growth in a manner that is not specific to the carbohydrate fed to the community. (Tables S2-S4).   237   238 Having identified five distinct functional components, one for each primary substrate 239 and one for the group of cross-feeding broad-range taxa, as well as their mechanism of 240 interaction, we asked whether communities capable of degrading multiple polysaccharides 241 could be assembled in modular fashion, that is, by a simple aggregation of polysaccharide-242 specific modules. If this were the case, we would expect that the composition and dynamics of 243 a community of higher complexity, capable of degrading multiple primary substrates, should 244 be well approximated by a simple linear combination of the components we have identified. To 245 test this hypothesis, we examined community assembly dynamics on particles made of substrate 246 mixtures and compared these dynamics to the one observed on the corresponding single 247 substrate particles. In particular, we tested two mixed particle types: agarose-alginate and 248 agarose-carrageenan (50% of each substrate by mass), which were incubated in the same 249 seawater and conditions used for single substrate particles. 
(SOM). This analysis was based only on the average abundance 268
of the ASV over time, however, when we considered their dynamics we found these were also 269 highly correlated between single and mixed particles, in a manner consistent with a model of 270 community assembly by simple linear aggregation of ecological modules ( Figure 4BC ). Across 271 all alginate, agarose and carrageenan narrow range ASVs, the median Spearman correlation 272 between the single-and mixed-substrate time dynamics ranges between 0.65 and 0.96 (Table  273 S5). Overall, these results show that there is minimal interference between narrow-range 274 modules, such that a linear combination model provides a good prediction of the assembly of 275 the community on mixed substrate particles. This lack of interference, combined with the ability 276 of broad-range modules to "plug-in" to narrow-range ones in a substrate independent manner, 277 leads to the modular assembly of polysaccharide-degrading communities with a larger 278 repertoire of metabolic functions ( Figure 4D In this study, we have shown that, despite the myriad species present in polysaccharide 293 degrading communities, these systems can be coarse-grained into functional components, 294 which assemble modularly into a variety of arrangements giving rise to communities of 295 different functional complexity. Modules are divided into two classes, those encompassing 296 species capable of breaking down polymers and those that encompass species that can live off 297 metabolic byproducts. This subdivision mirrors the modular organization of metabolic 298 pathways, in which sets of genes coding for hydrolytic enzymes, transporters, etc. can be 299 horizontally acquired by an organism and integrated into its metabolic network as long as the 300 products of the metabolic conversions performed by the integrated module are compatible withcore metabolic pathways, such as glycolysis 5 . In this way, simple metabolic byproducts act as 302 a common interface for pathways to interact, enabling organisms to acquire a variety of 303 degradation modules, and to quickly modify their resource utilization profile 5, 24 . Similarly, our 304 data suggests that ecological modules of particle degrading bacteria interact with modules of 305 byproduct consumers through multiple central metabolites, which form a common interface 306 that might allow consumers to grow regardless of the initial polysaccharide fed to the 307 community ( Figure 4D) . Interestingly, modules can have characteristic phylogenetic 308 distributions, with taxa such the genus Psychromonas or the family Flavobacteriaceae being 309 strongly associated with specific substrates. However, these associations between taxonomy 310 and function need not necessarily be stable, as members of these taxonomic groups have been 311
found that are specialized to degrade different polysaccharides 25 . In sum, our work suggests 312 that modularity could play an important role in the assembly of natural microbial communities, 313
and that it is a property that can emerge from the underlying metabolic organization of the 314 community members. Future work should seek to validate this principle across more functional 315 dimensions and to explore its applicability in the design of synthetic consortia. 316
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Methods 318
Sampling and incubation 319
Coastal ocean surface water samples were collected in 2015 from Canoe Beach, Nahant, 320
Massachusetts, USA; 42° 25'11.5''N, 70° 54'26.0''W. For each particle type, we set up triplicate 321 800 ml seawater incubations with model particles, using 1L wide-mouth Nalgene bottles. 322
Particles, which had been stored in artificial sea water (Sigma, #S9883) with 20 % ethanol, 323 were washed twice with artificial seawater to remove the ethanol and inoculated at a 324 concentration of 100 particles per mL. Bottles were rotated overhead at room temperature and 325 a speed of 7.5 rpm for 10 days. At t = 0, 12, 24, 36, 48, 60, 72, 108, 132, 156, 180, 204 hours, 326 10 mL (~1000 particles) were sampled from each replicate incubation and particles collected 327 by magnetic separation for DNA sequencing and isolation. 328
16S amplicon data analysis 329
16SrRNA sequencing libraries were prepared in house according as in 14 to the protocol 330 described in the SOM. Sequencing was done at the BioMicroCenter at MIT. To identify 331
Amplicon Sequence Variants (ASVs) from the 16SrRNA amplicon reads, we used the DADA2 332 pipeline 26 . We developed a pipeline based on the DADA2 developers' ["Big Data: Paired-end" 333 workflow] (http://benjjneb.github.io/dada2/bigdata_paired.html ), which has been deposited in 334 a public repository on [Github](https://github.mit.edu/josephe/dada2_pipeline). Briefly, a 335 parametric error model is learned from the sequencing data, using a subset of two million readsdrawn randomly from all those sequenced. Then, this error model is used to "denoise" samples 337 by identifying erroneous sequence variants and combining them with the sequence variant from 338 which they most likely originated. All other read processing steps --including merging paired-339 end reads, trimming primer sequences, and dereplicating reads --were performed with functions 340 from the R Bioconductor "dada2" package. 341
For our analysis, we focused on the abundant ASVs, defined as those with a frequency 342 > 1% in at least one sample across all samples, including replicates, time points and single 343 substrate particle types. The resulting 107 ASVs were used throughout our analysis. Replicates 344 were combined by calculating the weighted average frequency for every ASV, using the read 345 counts of that sample as weights. We smoothed the data with a running median filter, window 346 size = 3 and renormalized to work with mean frequencies. 347
Niche breadth index 348
To study the prevalence of each ASV across different particle types, we devise a niche breadth 349 index. We calculated the geometric mean frequency ASV on a particle type, $% = 350 HIJKLM NO (C)PQ , where $% ( ) is the frequency of ASV i at time t on particle type j. We 
Hierarchical clustering of ASV trajectories 358
We cluster the most abundant ASVs based on their log-transformed frequencies across all time-359 points and all particle types. We used the R function hclust with the clustering method 'ward.D' 360 and Euclidean distances. To evaluate the best cutoff for our hierarchical clustering, we cut the 361 tree generated by 'hclust' into 2-15 groups using the 'cutree' function in R. We used use the 362 silhouette function from the R package 'cluster' to evaluate the clusters generated. Our analysis 363
shows that 5 clusters are the optimal partitioning of our data. 364
Phylogenetic tree of ASVs 365
To create a phylogenetic tree of the top 1% ASVs, we first aligned the 16S V4V5 sequences on 366
Silva's SINA alignment server (http://www.arb-silva.de/aligner/ ) with standard settings, the 367 option Search and Classify enabled with minimum identity with query sequence = 0.9 and 368 classification: rdp. After removing non-informative positions from the alignment we usedFastTree 2.1 27 with the options -gtr -n) to infer an approximate maximum-likelihood 370 phylogenetic tree which we upload to iTol 28 . 371
Isolation of bacteria attached to particles 372 After 1.5, 3.5 and 6.5 days of incubation, particles were sampled, separated from the sea water 373 and washed as described above and split into 1:1, 1:10 and 1:100 dilutions in artificial sea water 374 (Sigma, #S9883). Dilutions were vortexed for 20 seconds and plated using glass beads (Zymo 375 #S1001) on 1.5 % agar (BD #214010) plates with (1) Marine Broth 2216 (Difco #279110) or 376
(2) Tibbles-Rawling minimal media as described in 14 with carbon sources specific for the 377 particle type: 0.05 % alginate, 0.04 % carrageenan, 0.1 % glucosamine, or plain agar. Following 378 two days of incubation at room temperature, at least 16 colonies per particle and plate carbon 379 source type were picked and re-streaked twice on Marine Broth 2216 1.5 % agar plates for 380 purification. To obtain stocks, purified isolates were grown in deep well plates with liquid 381
Marine Broth 2216 for 48 hours, shaking at 300 rpm at room temperature. The liquid culture 382 was frozen at -80 °C for further characterization. Taxonomic classification was done using the 383 16S rRNA and the RDP database (https://rdp.cme.msu.edu/classifier/classifier.jsp ) 29 . 384
Crossfeeding experiments 385
The alginate-degrading strain psychB3M02 was streaked on Marine Broth 2216 1.5% agar 386
plates and incubated at 25°C. After 48 hours single colonies were picked and grown in liquid 387
Marine Broth at 25°C. After 48 hours, cells were pelleted and washed with Tibbles-Rawling 388 minimal media twice. PsychB3M02 cells were then transferred at a starting OD of 0.005 to 389
Tibbles-Rawling minimal media with 0.15% alginate (Sigma, #A1112) as the sole carbon 390 source, and incubated in 10 mL volumes at 20°C and with overhead rotation. After 24h, the 391 spent media was harvested by gently pelleting the cells (3000 rcf for 10 min) and filtering the 392 supernatant through a 0.2 µm syringe filter. The five alginate non-degraders were pre-grown 393 and harvested in a similar manner and transferred to fresh raw spent media at a starting OD of 394 0.005 in 200µl volumes. Growth was measured using OD600 on a Synergy2 microplate reader 395 (BioTek). 396
Genome sequencing 397
For selected isolates from our collection, genomic DNA was extracted from a liquid overnight 398 culture in Marine Broth 2216 (Difco #279110) using the Agincourt DNA Advance Kit 399 (Beckman Coulter #A48705). Genomes were sequenced using the Nextera DNA Library 400
Preparation Kit (Illumina #FC-121-1031) 30 . 
